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The Einstein-Podolsky-Rosen (EPR) paradox is one of the earliest quantum paradoxes, arising from the lack
of local realistic description of quantum mechanics. The EPR paradox leads to the important concept of “quan-
tum nonlocality”, which manifests itself by three different phenomena: entanglement, quantum steering, and
Bell’s nonlocality. Two well-known quantum paradoxes related to Bell’s nonlocality, i.e. the Greenberger-
Horne-Zeilinger paradox and the Hardy paradox, have been widely studied and also experimentally confirmed.
However, an experimental test of the EPR paradox is still lacking. The EPR paradox is essentially a steering
paradox, and recently it has been mathematically formulated as a contradiction equality “k = 1”, thus making
it amenable to an experimental verification. Moreover, based on the EPR paradox we also derive a generalized
linear steering inequality. In this work, we perform the first experimental test of the EPR paradox in a two-
qubit scenario, and also verify the corresponding generalized steering inequality, which has an advantage over
the usual one by detecting more steerability of quantum states. Experimental results confirm the theoretical
predictions within the experimental errors, and provide a deeper understanding of quantum foundation.
Introduction.—The analysis of quantum paradoxes is an ef-
fective and intuitive way to reveal the essential differences be-
tween quantum mechanics and classical theory. Among these
paradoxes, there are the famous Einstein-Podolsky-Rosen
(EPR) paradox [1], the Greenberger-Horne-Zeilinger (GHZ)
paradox [2], and the Hardy paradox [3]. In 1935, Einstein,
Podolsky and Rosen proposed a thought-experiment to high-
light the conflict between local realism and quantum mechan-
ics, thus triggering the investigation of nonlocal properties
of quantum entangled states. In the same year, Schro¨dinger
made an immediate response to the EPR’s argument by intro-
ducing the term “steering” to depict “the spooky action at a
distance” that was mentioned in the EPR paper [4]. Accord-
ing to Schro¨dinger, “steering” reflects a nonlocal phenomenon
which, in a bipartite scenario, describes the ability of one
party, say Alice, to prepare the other party (say Bob) parti-
cle in different quantum states by simply measuring her own
particle using different settings. However, the notion of steer-
ing has not been gained much attention and development until
2007, when Wiseman et al. gave a rigorous definition using
concepts from quantum information [5].
Bell made a distinct response to the EPR paradox by show-
ing that some quantum entangled states may violate the now-
called Bell’s inequality, which hold for any local-hidden-
variable (LHV) model [6]. This indicates that LHV mod-
els cannot reproduce all quantum predictions, and the vio-
lation of Bell’s inequality by entangled states directly im-
plies that those quantum states show nonlocal properties - re-
ferred to Bell’s nonlocality. Since then, Bell’s nonlocality has
been achieved a rapid and fruitful development in two direc-
tions [7]: (i) On one hand, several Bell’s inequalities have
been introduced to detect Bell’s nonlocality in different phys-
ical systems, for examples, the Clause-Horne-Shimony-Holt
(CHSH) inequality for two qubits [8], the Mermin-Ardehali-
Belinskii-Klyshko inequality for multipartite qubits [9], the
Collins-Gisin-Linden-Masser-Popescu inequality for two qu-
dits [10]. (ii) On the other hand, all-versus-nothing (AVN)
proofs have been suggested to reveal Bell’s nonlocality with-
out inequalities. Typical examples of this approach are the
GHZ paradox and the Hardy paradox. Experimental verifica-
tions of Bell’s nonlocality have also been carried out, in both
scenarios. Aspect et al. has successfully made the first obser-
vation of Bell’s nonlocality with the CHSH inequality [11],
Pan et al. have tested the three-qubit GHZ paradox in the
photon-based experiment [12], Torgerson et al. have demon-
strated the original Hardy paradox [13], and very recently Luo
et al. have tested the generalized Hardy paradox for the multi-
qubit systems [14].
As a matter of fact, EPR paradox has not yet been tested ex-
perimentally, although it is the earliest quantum paradox ap-
peared in the literature. There are probably two main reasons:
(i) The original EPR state Ψ(x1, x2) =
∫ +∞
−∞ e
ip(x1−x2+x0)/~
is an entangled state of bipartite continuous-variable system,
which is challenging to prepare in the lab. (ii) The “para-
dox” in the EPR argument is not very clear in its mathemat-
ical formulation, and correspondingly, it is difficult to un-
derstand what should be observed or measured experimen-
tally. The GHZ paradox may be formulated as a contradic-
tion equality “+1 = −1”, where “+1” represents the pre-
diction of LHV model, while “−1” is the quantum predic-
tion. Thus, if one observes the value of “−1” in some ex-
periment, then the GHZ paradox is demonstrated. Similarly,
the formulation of the Hardy paradox may be given as fol-
lows: under some certain Hardy-type constraints for probabil-
ities P1 = P2 = · · · = PN = 0, any LHV model returns
zero-probability (i.e., Psuc = 0), while quantum prediction
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2is Psuc > 0, where Psuc is the success probability of a spe-
cific event. Upon successfully measuring the desired non-zero
success probability under the required Hardy constraints, one
verifies the Hardy paradox.
The purpose of this Letter is two-fold: (i) We report the first
experiment to test the EPR paradox for a two-qubit entangled
state, rather than the continuous-variable state Ψ(x1, x2). The
experiment is based on the results presented in [15], where
EPR paradox is rephrased as a steering paradox, and formu-
lated as a contradiction equality “k = 1” for the k-setting
steering scenario. (ii) Upon exploiting the fact that a quan-
tum paradox can corresponds to an inequality, e.g., one can
transform the two-qubit Hardy paradox into the well-known
CHSH inequality [16][17], we derive a novel steering inequal-
ity from the EPR paradox. We refer to this inequality as to the
generalized linear steering inequality (GLSI), which naturally
includes the linear steering inequality as a special case. We
experimentally test quantum violations of the GLSI, which, in
fact, it is more powerful than its linear counterpart in detecting
the steerability of pure states and of some mixed states.
The EPR paradox as a steering paradox “k = 1”.— Fol-
lowing Ref.[15], let us consider an arbitrary two-qubit pure
entangled state ρAB = |Ψ(α,ϕ)〉〈Ψ(α,ϕ)| shared by Alice
and Bob. Using the Schmidt decomposition, i.e., in the zˆ-
direction representation, the wave-function |Ψ(α,ϕ)〉 may be
written as
|Ψ(α,ϕ)〉 = cosα|00〉+ eiϕ sinα|11〉, (1)
with α ∈ (0, pi/2), ϕ ∈ [0, 2pi]. On the other hand, for the
same |Ψ〉, in the general nˆ-direction decomposition one may
recast it to
|Ψ〉 = |+ nˆ〉|χ+nˆ〉+ | − nˆ〉|χ−nˆ〉, (2)
where | ± nˆ〉 are the eigenstates of the operator Pˆ nˆa = [1 +
(−1)a~σ · nˆ]/2 denoting Alice’s projective measurement on
her qubit along the nˆ-direction with measurement outcomes
a (a = 0, 1), 1 is the identity matrix , ~σ = (σx, σy, σz) is the
vector of Pauli matrices, and |χ±nˆ〉 = 〈±nˆ|Ψ(α,ϕ)〉 are the
collapsed pure states (unnormalized) for Bob’s qubit.
By performing a projective measurement on her qubit along
the nˆ-direction, Alice, by wavefunction collapse, steers Bob’s
qubit to the pure states ρnˆa = ρ˜
nˆ
a/tr(ρ˜
nˆ
a) with the probability
tr(ρ˜nˆa), here ρ˜
nˆ
a = trA[(Pˆ
nˆ
a ⊗ 1 ) ρAB ] are the so-called Bob’s
unnormalized conditional states and ρnˆa are the normalized
ones [5]. In a two-setting steering protocol {zˆ, xˆ}, if Bob’s
four unnormalized conditional states can be simulated by an
ensemble {℘ξρξ} of the local-hidden-state (LHS) model, then
these may be described as (see [18])
ρ˜zˆ0 = cos
2 α|0〉〈0| = ℘1ρ1, (3a)
ρ˜zˆ1 = sin
2 α|1〉〈1| = ℘2ρ2, (3b)
ρ˜xˆ0 = (1/2)|χ+〉〈χ+| = ℘3ρ3, (3c)
ρ˜xˆ1 = (1/2)|χ−〉〈χ−| = ℘4ρ4, (3d)
where |χ±〉 = cosα|0〉 ± eiϕ sinα|1〉 are normalized pure
states, the ρi are hidden states, and the ℘i represent the corre-
sponding probabilities in the ensemble. They satisfy the con-
straint
∑
ξ ℘ξρξ = ρB = trA[ρAB ], where ρB is the reduced
density matrix of Bob. On the other hand, since ρ˜nˆ0 + ρ˜
nˆ
1 = ρB
and trρB = 1, if we sum up terms in (3) and take the trace, we
arrive at the contradiction “2=1”, which represents the para-
dox in the two-setting steering protocol.
A more general steering paradox “k = 1” can be sim-
ilarly obtained if one considers a k-setting steering sce-
nario {nˆ1, nˆ2, · · · , nˆk}, in which Alice performs k projec-
tive measurements on her qubit along nˆj-directions (with
j = 1, 2, · · · , k). For each projective measurement Pˆ nˆja , Bob
obtains the corresponding unnormalized pure states ρ˜nˆja . Sup-
pose these states can be simulated by the LHS model, then
one may obtain the following set of 2k equations [18]:
ρ˜
nˆj
0 =
∑
ξ
℘(0|nˆj , ξ)℘ξρξ, (4a)
ρ˜
nˆj
1 =
∑
ξ
℘(1|nˆj , ξ)℘ξρξ, (j = 1, 2, · · · , k). (4b)
Since the ρ˜nˆja ’s are proportional to pure states, the sum of the
right-hand side of Eq. (4) actually contains only one ρξ, as
we have seen for Eq. (3). Furthermore, due to the relations
ρ˜
nˆj
0 + ρ˜
nˆj
1 = ρB and
∑2k
ξ=1 ℘ξρξ = ρB , and by taking trace
of Eq. (4), one immediately has the steering paradox “k =
1”. This confirms that the EPR steering is the exact type of
“quantum nonlocality” inherited in the EPR paradox.
Experimentally, we shall test the EPR paradox for a two-
qubit system in the simplest case of k = 2. To this aim, we
need to perform measurements leading to four quantum prob-
abilities. The first one is PQM1 = tr[ρ˜
zˆ
0 |0〉〈0|] = cos2 α,
which is obtained from Bob by performing the projective mea-
surement |0〉〈0| on his unnormalized conditional state as in
Eq. (3a). Similarly, from Eq. (3b)-Eq. (3d), one has PQM2 =
tr[ρ˜zˆ1 |1〉〈1|] = sin2 α, PQM3 = tr[ρ˜xˆ0 |χ+〉〈χ+|] = 1/2, and
PQM4 = tr[ρ˜
xˆ
1 |χ−〉〈χ−|] = 1/2. Consequently, the total
quantum prediction is PQMtotal =
∑4
i=1 P
QM
i = 2, which con-
tradicts the LHS-model prediction “1”. If, within the exper-
imental measurement errors, one obtains a value PQMtotal ≈ 2,
then the EPR paradox “2 = 1” is demonstrated.
Generalized linear steering inequality.—Just like Bell’s in-
equalities may be derived from the GHZ and Hardy para-
doxes [16][17], this is also the case for the EPR paradox. In
turn, from the steering paradox “k = 1”, one may derive a k-
setting generalized linear steering inequality as follows: In the
steering scenario {nˆ1, nˆ2, · · · , nˆk}, Alice performs k projec-
tive measurements along nˆj-directions. Upon preparing the
two-qubit system in the pure state |Ψ(θ, φ)〉 (note that this is
not |Ψ(α,ϕ)〉), for each measurement Pˆ nˆja , Bob has the corre-
sponding normalized pure states as ρnˆja (θ, φ) = ρ˜
nˆj
a /tr(ρ˜
nˆj
a ),
where ρ˜nˆja = trA[(Pˆ
nˆj
a ⊗ 1 ) |Ψ(θ, φ)〉〈Ψ(θ, φ)|] with (a =
0, 1). Then the k-setting GLSI is given by
Sk(θ, φ) =
k∑
j=1
( 1∑
a=0
P (Anj = a) 〈ρnˆja 〉
)
≤ CLHS, (5)
3which is a (θ, φ)-dependent inequality and can detect the
steerability of two-qubit states (pure or mixed) [18]. Here
P (Aj = a) is the probability of the j-th measurement of Al-
ice with outcome a, ρnˆja (θ, φ) = |χj±(θ, φ)〉〈χj±(θ, φ)| corre-
spond to Bob’s projective measurements,CLHS is the classical
bound determined by the maximal eigenvalue of Sk(θ, φ) for
the given values of θ and φ.
The GLSI has two remarkable advantages over the usual
LSI [19]: (i) Based on its own form as in (5), the GLSI in-
cludes naturally the usual LSI as a special case, thus can de-
tect more quantum states. In particular, the GLSI can detect
the steerability for all pure entangled states (1) in the whole
region α ∈ (0, pi/2), at variance with the usual LSI, which
fails to detect EPR steering for some regions of α close to
0. (ii) The use of GLSI reduces the numbers of experimen-
tal measurements, and improves the experimental accuracy.
This may be seen as follow: with the usual k-setting LSI, Bob
needs to perform k measurements in different k directions, for
different input states ρAB . This is experimentally challenging
since it may be hard to suitably tune the setup for all the k
directions. However, with the GLSI one may solve this is-
sue using the Bloch realization |χj±〉〈χj±| = (1 + ~σ · mˆj±)/2,
which transforms the GLSI to an equivalent form where Bob
only needs to perform measurements along the xˆ, yˆ and zˆ di-
rections, which are independent on the input states (see [18]).
To be more specific, we give an example of the 3-setting
GLSI from (5), where Alice’s three measuring directions are
{xˆ, yˆ, zˆ}. Then we immediately have
S3 = P (Ax = 0) 〈|χ+〉〈χ+|〉+ P (Ax = 1) 〈|χ−〉〈χ−|〉
+P (Ay = 0) 〈|χ′+〉〈χ′+|〉+ P (Ay = 1) 〈|χ′−〉〈χ′−|〉
+P (Az = 0) 〈|0〉〈0|〉+ P (Az = 1) 〈|1〉〈1|〉
≤ CLHS, (6)
with |χ±〉 = cos θ|0〉 ± eiφ sin θ|1〉, |χ′±〉 = cos θ|0〉 ∓
ieiφ sin θ|1〉, CLHS = Max{ 3+C+2 , 3+C−2 }, and C± =√
4± 4 cos 2θ + cos 4θ. The equivalent 3-setting steering in-
equality is given by
S ′3(θ, φ) = sin 2θ cosφ〈Axσx〉 − sin 2θ cosφ〈Ayσy〉
+ sin 2θ sinφ〈Axσy〉+ sin 2θ sinφ〈Ayσx〉
+〈Azσz〉+ 2 cos 2θ〈σz〉 ≤ C ′LHS, (7)
with C ′LHS = Max{C+, C−}. Obviously, by taking θ =
pi/4, φ = 0, the inequality (7) reduces to the usual 3-setting
LSI in the form [18][19]:
S ′′3 (θ, φ) = 〈Axσx〉 − 〈Ayσy〉+ 〈Azσz〉 ≤
√
3. (8)
In the experiment to test the inequalities, Alice prepares two
qubits and sends one of them to Bob, who trusts his own mea-
surements but not Alice’s. Bob asks Alice to measure at ran-
dom σx, σy or σz on her qubit with or simply not to perform
any measurement; then Bob measures σx, σy or σz on his
qubit with according to Alice’s measurement. Finally, Bob
evaluates the average values 〈σx⊗σx〉, 〈σy⊗σy〉, 〈σx⊗σy〉,
FIG. 1: Experimental setup. Polarization-entangled photons pairs
are generated via nonlinear crystal. An asymmetric loss interferom-
eter along with half-wave plates (HWPs) are used to implemented
to prepare two-qubit pure entangled states. The projective measure-
ments are performed using wave plates and polarization beam splitter
(PBS).
〈σy ⊗ σx〉, 〈σz ⊗ σz〉, and 〈1 ⊗ σz〉 and is therefore capable
of checking whether the steering inequality (7) is violated or
not. In particular, for the case of pure states (1), if Alice is
honest in the preparation and measurements of the states, the
inequalities are violated for all values of α and ϕ (except at
α = 0, pi/2), thereby confirming Alice’s ability to steer Bob.
Experimental results.— The experimental setup is shown
in Fig. 1, the degenerated polarization-entangled photon pairs
are created by spontaneous parametric down-conversion [20]
type-II barium borate (BBO) crystal pumped by a 404nm
laser. The initial two-photon state is singlet state |ψ〉 =
(|HV 〉− |V H〉)/√2. By setting HWP1 at 0o one may switch
the phase from “minus” to “plus”, whereas HWP2, HWP3
and beam displacers (BD) construct an asymmetric loss in-
terferometer to adjust the amplitude and flip the qubit, where
HWP3 fixed at 45o and HWP2 at arcsin(
√
1
sin2 α
− 1) · 90pi ∈
[0, 45o]. Therefore, we may prepare desired two-qubit state
|Ψ(α)〉 = cosα|HH〉 + sinα|V V 〉. In our experiment, the
phase ϕ in Eq. (1) is set to 0. The first qubit is sent to Al-
ice, and the second to Bob. Alice and Bob measure their own
photons through the polarization analyzer, which consists of
quarter-wave plate (QWP), HWP and PBS.
First, we test the EPR steering paradox “2 = 1” by choos-
ing α from pi36 to
pi
4 with an interval of
pi
36 to obtain nine differ-
ent two-qubit entangled states. In the two-setting steering sce-
nario, Alice performs measurements on her photon along the
xˆ-direction and zˆ-direction of Bloch sphere. The eigenvectors
of σx are |±〉 = (|H〉 ± |V 〉)/
√
2, which are the states on
which the photon of Alice may collapse with a certain prob-
ability. The corresponding normalized conditional states for
Bob are given by |χ±〉 = cosα|H〉 ± sinα|V 〉. Similarly,
Bob’s normalized conditional states are |H〉 and |V 〉when Al-
ice performs. As shown in Fig. 2(a), the experimental values
S for the nine different entangled pure states largely exceed
the classical prediction. The average value is S ≈ 1.9899,
which is more than 123 standard derivation above the classi-
cal bound predicted by LHV models. Thus, the EPR paradox
4FIG. 2: Experimental results for pure states. In panel (a) we show the experimental results concerning the paradox “2=1”. The black and
blue solid lines represent the quantum prediction S ≡ PQMtotal = 2 and the classical bound C = 1 based on the LHV models, respectively. The
black cubes and the red lines show the experimental results with error bar. Panel (b) shows the experimental results for the 3-setting GLSI
of (7). The black and blue solid line represent the quantum and classic bound, respectively, which are obtained by maximizing the difference
between S ′3 and C′LHS for any fixed α. The black (blue) dot line represents the quantum violations 〈S ′′3 〉 = 1 + 2 sin(2α) (the classical value
C =
√
3) of the usual 3-setting LSI (8), respectively. The red cubes are the experimental points for the inequality (7). The light yellow range
is α ∈ (0, (arcsin
√
3−1
2
)/2], where the LSI (8) cannot detect the steerability but the GLSI can, whereas the right inset shows the experimental
results for α = pi
36
, pi
18
. Experimental results for mixed states. Panels (c) and (d) show the steering detection for the generalized Werner state
ρ1 and the asymmetric mixed state ρ2. The light purple and pink surfaces represent the quantum value and the classical bound of the GLSI
(7), respectively. The black (blue) dots denote results for the quantum states that can (cannot) experimentally violate the GLSI (7). The zoom
shows the area where steering cannot be detected by usual LSI (8), whereas GLSI may be useful.
“2 = 1” has been successfully demonstrated.
Second, we experimentally address the violations of the
GLSI using above pure states |Ψ(α)〉. We experimentally
evaluate the value of S ′3 by using the 3-setting steering in-
equality (7). For simplicity, in our experiment the phase φ is
set to 0, and therefore, following (7), we only need to measure
the following four expectation values: 〈σx ⊗ σx〉, 〈σy ⊗ σy〉,
〈σz ⊗ σz〉, and 〈σI ⊗ σz〉. Besides, in order to experimen-
tally observe the violation of the GLSI for any α ∈ (0, pi/4],
we have to maximize the difference between S ′3 and classi-
cal bound C ′LHS at any fixed value α. This is done by nu-
merically solving the optimal solutions of θ. Remarkably, for
α ∈ (0, (arcsin
√
3−1
2 )/2 ≈ pi17 ], one observes a significant
violation of the inequality, which does not occur for the usual
3-setting LSI (8). On the other hand, when α is close to pi/4,
the violation of the GLSI (7) and the LSI (8) are of the same
order. The experimental results are shown in Fig. 2(b), which
are almost indistinguishable from the theoretical predictions.
Finally, we have experimentally tested inequality (7) with
two types of mixed states [18]. The first one is a generalized
Werner state ρ1, and the second one is the asymmetric mixed
state ρ2 given in [21]:
ρ1 = V |Ψ(α)〉〈Ψ(α)|+ 1− V
4
1 ⊗ 1 , (9a)
ρ2 = V |Ψ(α)〉〈Ψ(α)|+ (1− V )|Φ(α)〉〈Φ(α)|, (9b)
with |Φ(α)〉 = sinα|HV 〉 + cosα|V H〉, α ∈ [0, pi4 ], and
V ∈ [0, 1]. As it is apparent from Fig. 2(c) and Fig. 2(d), the
experimental results confirm that the GLSI has an advantage
over the LSI in detecting steerability for more quantum states.
Conclusions.—In conclusion, in this Letter we have ad-
vanced the study of EPR paradox in several directions: (i)
We have performed the first successful observation of the sim-
plest EPR paradox “2 = 1” in a two-qubit system. (ii) Based
on the EPR paradox “k = 1”, we have successfully derived
a k-setting generalized linear steering inequality, which may
detect steerability of quantum states to a larger extent than
the previous ones. We have also rewritten this inequality into
a mathematically equivalent form, which is more suitable for
experimental implementation since it allow us to measure only
along the x-, y-, or z-axis in Bloch’s sphere, rather than other
arbitrary directions, and thus greatly simplifying the experi-
mental setups and improving precision. Our finding thus find
applications also very valuable for the open problem of how
to optimize the measurement settings for steering verification
in experiments [22]. Finally, it is a challenge to experimen-
tal demonstrate the EPR paradox with the original EPR state
Ψ(x1, x2) in an entangled continuous-variable system, we an-
ticipate the experimental progress in this direction in the near
future.
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